Unconventional superconductivity (SC) often develops in magnetic metals on the cusp of static antiferromagnetic (AFM) order where spin fluctuations are strong. This association is so compelling that many SC materials are labeled as unconventional by proximity to an ordered AFM state. The Cr-Ru alloy system possesses such a phase diagram [see Fig. 1(a) ]. Here we use inelastic neutron scattering to show that spin fluctuations are present in a SC Cr0.8Ru0.2 alloy (Tc=1.35 K). However, the neutron spin resonance, a possible signature of unconventional SC, is not observed. Instead, data indicate a spin gap of order 2Δ (the superconducting gap) and a suppression of magnetic spectral weight at energies well above 2Δ. The suppression decreases the magnetic exchange energy, suggesting that low energy spin fluctuations oppose the formation of SC. In conjunction with other experimental evidence, a possible scenario is that conventional SC sits on the cusp of AFM order in Cr-Ru alloys. Unconventional superconductivity (SC) often develops in magnetic metals on the cusp of static antiferromagnetic (AFM) order where spin fluctuations are strong. This association is so compelling that many SC materials are labeled as unconventional by proximity to an ordered AFM state. The Cr-Ru alloy system possesses such a phase diagram [see Fig. 1(a) ]. Here we use inelastic neutron scattering to show that spin fluctuations are present in a SC Cr 0.8 Ru 0.2 alloy (T c = 1.35 K). However, the neutron spin resonance, a possible signature of unconventional SC, is not observed. Instead, data indicate a spin gap of order 2 (the superconducting gap) and a suppression of magnetic spectral weight at energies well above 2 . The suppression decreases the magnetic exchange energy, suggesting that low energy spin fluctuations oppose the formation of SC. In conjunction with other experimental evidence, a possible scenario is that conventional SC sits on the cusp of AFM order in Cr-Ru alloys.
I. INTRODUCTION
Body-centered cubic (BCC) Cr metal is the prototypical itinerant AFM where spin-density wave (SDW) ordering occurs due to nesting of electron and hole pockets on the Fermi surface [ Fig. 1(b) ] [1] . Alloying Cr with Ru or Re suppresses SDW order and stabilizes SC [ Fig. 1(a) ] [2] [3] [4] [5] , a phenomenon which is similar to the appearance of unconventional SC in the cuprates, iron pnictides, and heavy fermion-based SC [6] . The proximity of AF ordering and SC suggests that Cr alloys, with their BCC structure and weak electron-electron interactions, may be the simplest manifestation of unconventional SC that nature has to offer, and this confirmation would be an important milestone in condensed matter physics.
A key signature of unconventional SC is that the SC gap (or pair wave function) changes sign on the Fermi surface. Cuprates and heavy fermion SC adopt an unconventional d-wave gap, possessing gapless points (nodes) that can be inferred from heat capacity, penetration depth, and spectroscopic methods. Alternately, the sign of the gap may be observed directly via phase-sensitive tunnel junction methods [7] . In Cr-Ru alloys, heat capacity measurements [ Fig. 1(c) ] can be understood from weak-coupling BCS theory with an isotropic s-wave electronic gap [5] , consistent with conventional electron-phonon driven SC. The jump in the heat capacity at T c ( /T c ≈ 10 mJ mol −1 K −1 ) [8] and the ratio of T c and the Fermi temperature (T c /T F ≈ 10 −4 ) [9] are also consistent with conventional SC found in other elemental SCs. However, this does not exclude Cr-Ru from being an unconventional SC. Similar to iron pnictides, the nested electron and hole pockets can support an unconventional SC gap without any nodes, but with an opposite sign on different Fermi surface pockets (a so-called s +− gap) [10] . Differentiating between unconventional s +− and conventional s ++ gaps [11] is much more difficult experimentally due to the absence of nodes and the difficulty of employing phase sensitive methods [12] .
In this regard, inelastic neutron scattering (INS) is a powerful method to test for the presence of unconventional SC. The observation of a gap-peak feature in the spin fluctuation spectrum, called the neutron spin resonance, arises from enhancements due to a "sign-changing" unconventional SC gap. Observations of the spin resonance have confirmed the existence of d-wave SC in cuprates [7] and heavy fermion SC [13] . More importantly, observation of the resonance provides an essential experimental verification of multiband s +− gaps found in iron pnictides. For a conventional s ++ gap, INS would observe a gap at 2 and weak enhancement of spin fluctuations above the gap [14] .
We have performed INS studies on a Cr 0.8 Ru 0.2 alloy with T c = 1.35 K. We find that energetic and sharply defined spin fluctuations are present [ Fig. 1(d) ]. Their large energy scale (>150 meV) is similar to that found for the SDW ordered Cr metal [1] and other Cr alloys [16, 17] and not unlike those observed in iron pnictide [14] and cuprate SC [18] . However, we are unable to ascertain the existence of a neutron spin resonance below the SC gap (2 ≈ 3.5k B T c ≈ 0.5 meV) due to a vanishingly small normal state magnetic spectral weight of <0.001 μ B at these energies. This means that we cannot make a definite conclusion about the existence of a spin resonance. However, we do observe the development of a spin gap of order 2 and an overall suppression of the spin fluctuations up to 6 meV in the SC state. While not an absolute test of the pairing mechanism, the loss of low energy magnetic spectral weight in the SC state and the corresponding loss of AFM exchange energy is consistent with pair breaking spin fluctuations in a conventional s ++ SC.
II. EXPERIMENTAL DETAILS
Cr metal has incommensurate SDW order with a propagation vector τ = τ 0 + (δ, 0, 0) = (1 + δ, 0, 0) close to the nesting condition between electron and hole Fermi pockets. Alloys of Cr with V, Mo, Ru, and Re add electrons which modify the nesting and stabilize commensurate SDW order at τ 0 = (1, 0, 0) [19] . In Cr 1−x Ru x , alloying with Ru initially stabilizes commensurate SDW order, but SDW order is suppressed with further substitution, becoming completely suppressed above x c = 0.17. Beyond x c , SC appears with T c up to at least 2 K, as shown in Fig. 1(a) [2, 4, 5] . A 40 gram single-crystal sample of Cr 0.8 Ru 0.2 was grown by the arc zoning method [20] (see the Supplemental Material (SM) for more information [15] ). The crystal mosaic of the sample is less than 0.6 degrees and no long-range magnetic order was detected by neutron diffraction. Heat capacity measurements were performed using the dilution refrigerator option of a Quantum Design physical property measurement system and the semiadiabatic heat pulse technique. Our Cr 0.8 Ru 0.2 sample has T c = 1.35 K [as determined from the onset of sharp peak in the heat capacity, as shown in Fig. 1(c) ].
INS measurements were performed on the SEQUOIA [21] and CNCS neutron chopper spectrometers at the Spallation Neutron Source at Oak Ridge National Laboratory and the BT-7 [22] and SPINS triple-axis spectrometers at the NIST Center for Neutron Research. Details of the instrument configurations can be found in the SM [15] . For CNCS and SEQUOIA, the crystal was mounted with a (H K0) horizontal scattering plane with measurements performed on series of rotations around the c axis of the crystal to sweep out the full four-dimensional scattering function.
INS can determine the momentum ( Q) and energy (E) dependence of the spin fluctuations. The neutron intensity, S( Q, E), is proportional to the imaginary part of the dynamical magnetic susceptibility, χ ( Q, E),
is defined in reciprocal lattice units (rlu) where a = 2.91 Å. χ ( Q, E) = χ zz ( Q, E) corresponds to the isotropic susceptibility appropriate for a cubic system, n(E) is the Bose occupancy factor, f ( Q) is the magnetic form factor for Cr metal [23] , e −2W is the Debye-Waller factor, and (γ r 0 ) 2 = 290.6 mb sr −1 relates the magnetic moment to the neutron cross section. The isotropic susceptibility is extracted in units of μ 2 B eV −1 atom −1 by calibration to a phonon of known cross section (see SM [15] ).
III. RESULTS
We determined the normal state spin fluctuations of Cr 0.8 Ru 0.2 measured above T c . Cuts through the magnetic spectrum in Figs. 1(d) and 2(a)-2(e) indicate that spin fluctuations are commensurate at all energies and centered at τ 0 = (1, 0, 0). Figure 2 shows that spin fluctuations persist up to at least 150 meV. This energy scale is analogous to Cr metal [1, 16] and Cr-V alloys [17] where high energy spin excitations emanate from incommensurate (τ ) and commensurate wave vectors (τ 0 ), respectively, and are observed up to 400 meV. Similarities can also be drawn to the steep magnetic excitations observed in iron pnictide [14] and cuprate superconductors [18] .
The normal state paramagnetic spectrum is modeled using a spherical Gaussian form, consistent with previous investigations of Cr and its alloys [17, 24] ,
where κ is the momentum-space peak width in rlu. Fits to reciprocal space cuts at fixed E [ Fig. 2(e) ] allow the determination of the local dynamical susceptibility by averaging over the Brillouin zone
where V BZ = 2 rlu 3 for a BCC lattice. Figure 2 (f) shows the normal state local dynamical susceptibility obtained from several different instruments and configurations. The energy dependence is modeled using a relaxational form typically used for paramagnetic metals,
where is the spin fluctuation energy scale and χ 0 is the staggered susceptibility. A fit of χ (E) to this function is shown in Fig. 2 The fluctuating moment is determined up to a cutoff energy E c by the sum rule
Assuming that Eq. (4) holds up to E c = 300 meV, the fluctuating moment in the paramagnetic state of Cr 0.8 Ru 0.2 is m 2 ≈ 0.15 μ B atom −1 , comparable to the ordered moment of Cr metal (≈0.6 μ B ) [1] .
We focus on low energies to ascertain the influence of SC on the spin fluctuations. For most unconventional SC, the spin resonance and other modifications to the spin fluctuation spectrum occur in a range of energies up to 3-5 k B T c and are visible deep within the SC state [25] . For T c = 1.35 K, this requires measurements be performed below 1 meV at temperatures well below 1 K. We carried out cold neutron measurements in the normal (T = 2.6 K) and SC (T = 0.24 K) states on CNCS in two configurations, E i = 3.65 meV and 12 meV, with energy resolution HWHM of 0.05 and 0.20 meV, respectively. Figure 3 shows a comparison of the normal and SC magnetic spectra above and below T c over an energy range from E = 0-10 meV, including comparisons of the Q-dependent and local susceptibilities. Unfortunately, we cannot detect any magnetic signal below 1.5 meV in either state due to its inherent weakness and signal-to-background limitations (see SM for details [15] ). This weakness can be quantified by using Eq. (4), which is linear at low energies (E ). The normal state fluctuating moment can be estimated at T = 0 and up to 2 ≈ 0.5 meV using Eq. (5)
where
We obtain a vanishingly small fluctuating moment of m 2 SC ≈ 5.0(4) × 10 −4 μ B at energies below 2 , which is too small to directly test for the presence of a spin resonance or a spin gap.
On the other hand, Fig. 3 (e) demonstrates that the SC transition suppresses the dynamical susceptibility up to E ≈ 6 meV, and linear fits to the local susceptibility in the SC state are consistent with a spin gap of E g = 1.3 ± 0.6 meV, which is of order 2 . The simplest interpretation of the suppression of spectral weight above 2 is a reduction in the fluctuating moment below T c , presumably due to the opening of the SC gap. Comparable behavior is found in the loss of the static magnetic moment in the SC state of the iron pnictides where long-range AFM order coexists and competes with SC [26] .
IV. ESTIMATE OF THE MAGNETIC EXCHANGE ENERGY
The loss of moment (δ m 2 ) in the SC state results in a decrease of magnetic exchange energy (δF ex ), which can be estimated at T = 0 from the local susceptibility [27, 28] 
where the effective magnetic exchange J eff 100 meV can be estimated from the spin wave velocity (see SM [15] ) and g ≈ 2. Based on the linear fits in Fig. 3(e) , we obtain δF ex ≈ −4(4) × 10 −4 meV atom −1 where the negative sign indicates that the spin fluctuations oppose superconductivity. This can be compared to the SC condensation energy obtained from the heat capacity data in Fig. 1(c) , δF SC = 2.7(9) × 10 −5 meV atom −1 . A comparison of these numbers ( δF ex δF SC ≈ −10) indicates that low energy spin fluctuations have a strongly negative influence on SC (see SM for details [15] ).
In other unconventional SC where this quantity has been measured [13, 29] , the large resonant enhancement of the low energy spectral weight, δF ex δF SC ≈ +10, strongly supports a magnetic mechanism for pairing within the theory outlined in Refs. [27, 28] . To support a magnetic mechanism for Cr-Ru, application of this theory would require a large resonant enhancement of suppression. Assuming a resolution-limited resonance in Q and E and positioned at E = 2 , we can model the cross section to test for observability, as shown in Fig. 4 . Our simulations indicate that a spin resonance of this size should be observable under our experimental conditions, and we therefore conclude that no resonant enhancement exists with sufficient size to overcome the observed loss of exchange energy. This conclusion is also supported by data taken on SPINS, as shown in the SM [15] .
V. SUMMARY
We summarize these interesting results with two possible scenarios. The first scenario assumes that Cr-Ru is an unconventional SC. Here, our observations of disparate SC and spin fluctuation energy scales (2 / ≈ 0.01) [30] , small fluctuating moment, and the 3D BCC structure [31] would act to severely reduce the spectral weight of the spin resonance. Thus, we cannot conclude that Cr-Ru is a conventional SC based on the lack of a spin resonance, which may be too weak to observe. Also, other known unconventional SC, such as La 2−x Sr x CuO 4 [32] and HgBa 2 CuO 4+δ [33] , do not display a spin resonance in INS data. The second scenario assumes that Cr-Ru is a conventional SC. In elemental Cr and Cr-Ru alloys with x < x c , SDW order is stabilized by an electronic gap [5, 34] . Close to x c , the reduced SDW gap and SC gap compete for the Fermi surface. In the paramagnetic SC state for x > x c , the remaining low-energy spin fluctuations can be pair-breaking [35] , as supported by our estimates of the loss of magnetic exchange and also by the simple fact that T c increases beyond x c [5] . Given the experimental evidence and the results presented here, it is plausible that both static SDW order and spin fluctuations act to suppress conventional SC. A hardening of the spin fluctuation spectrum in the conventional SC state or a feedback mechanism for which the opening of a SC gap reduces the size of the fluctuating moment could explain the suppression of magnetic spectral weight.
